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Abstract 
This study focused on two-dimensional shock attenuation properties of sports surfaces. Shock attenuation tests and friction tests 
are generally performed to access the vertical and horizontal properties of the sports surfaces, respectively. Although the 
diagonal impacts are often observed in human activities, these tests treat only the vertical impact test. Therefore two-
dimensional impact test device were developed for examining the two-dimensional cushioning characteristics of sport surfaces 
in previous studies. In this study, the various cushioned and non-cushioned impact tests with various impact angles were 
examined to calculate the VFR (Vertical Force Reduction) and HFR (Horizontal Force Reduction) values without slippery 
conditions.  
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Centre for Sports Engineering Research, Sheffield Hallam University. 
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1. Introduction 
Sports surfaces, such as polyurethane tracks and fields, gymnasium floor and PVC(polyvinyl chloride) court mat 
for particular sports etc. mainly have two important functions. One of these is to provide the conditions necessary 
for athletes to perform well and the other is to protect athletes from injuries. To evaluate the properties of the 
surfaces, friction tests and force attenuation tests have been generally adopted to determine the horizontal and 
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vertical characteristics, respectively. For example, the tests of the I.A.A.F. (2008) and DIN (1991) treat these 
characteristics separately. In these tests, although the test conditions would be decided for corresponding human 
activities, a great many patterns should be tested, because of the wide variety of body sizes and activity patterns in 
human activities. Therefore, we proposed to assess sports surface properties by computer simulation instead of 
mechanical tests. To do this, Kobayashi and Yukawa (2011) have proposed various viscoelastic models for sport 
surfaces and an evaluation method using computer simulation in previous studies. However, the mathematical 
model for the surface in these studies uses only vertical characteristics, and no sports activity consists of only 
vertical movements, and thus the impact attenuation must be influenced by the horizontal characteristics of the 
surface. For these reasons, a two-dimensional impact test device for sport surfaces was developed and confirmed 
the reliability of data acquired from the device by Yukawa et al. (2010, 2012).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Two-dimensional impact test device.  
2. Two-dimensional impact test 
2.1. Two-dimensional impact test device 
Figure 1 shows the structure of two-dimensional impact test device. An impact force F is produced by dropping 
an impact mass upon the upper edge of the parallelogram linkage represented by dashed line. The parallelogram 
linkage divides force F into a horizontal force and a vertical force through the impact transfer unit, part A, when 
the upper edge of the parallelogram linkage descends along the vertical linear guide way attached to the frame. 
Therefore, the sensor unit was kept horizontally without moment. Initial angle ș controls the ratio of fx/fy. Parts B 
and C are force transducers that measure horizontal and vertical force, respectively. To calculate the forces applied 
to a specimen, f’x and f'y, a multiple of total mass of the sensor unit minus the parallelogram linkage including 
impact transfer unit, and the relevant directional acceleration, are subtracted from the measured forces fx and fy. 
The accuracy and repeatability of these two forces were confirmed dynamically by force plate (Kistler 9281B). 
Part D is a two-dimensional accelerometer. Horizontal and vertical velocity and displacement are calculated from 
acceleration by integration Additionally, high speed movie (10000 fps) is recorded from side of the sensor unit for 
confirming the behavior of the sensor unit and used for acquiring the maximum deformation of each trial by video 
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analysis. Initial angle ș and drop height H are measured by an angular sensor and laser displacement sensor, 
respectively. Impact mass was set to 5.6 kg to acquire the impact force that is similar to the first peak of ground 
reaction force of running and was kept and released by electromagnet system to produce a complete freefall from a 
certain height. Figure 2 (a) shows the whole view of the test device, (b) is the side view of the sensor unit and (c) is 
the range of high speed video movie to acquire the maximum deformation. The resolution of the video analysis is 
0.074mm/pixel.  
 
 
 
 
 
 
 
 
 
 
Fig. 2. Whole view of the impact test device (a), side view of the sensor unit (b) and range of high speed video(c). 
2.2. Test specimens 
Three different types of specimens were used for this study. All of these are 2 layered structure. Thickness, top 
layer hardness, bottom layer hardness (the value of type A durometer) are shown in Table 1. Specimen A is one of 
the popular urethane track material which is approved by I.A.A.F. for international competitions. As shown in 
Table 1, the hardness of the specimens were almost same except the bottom layer of specimen C. Specimen B and 
C are thinner than A because these were the sample materials without topping. 
     Table 1 Specification of the specimens 
 
2.3. Experimental conditions 
In previous study, the initial angles could not have wide range because of less friction between the bottom of the 
sensor unit and the top of the specimens, Yukawa (2012). To expand the range of initial angle, the double side 
adhesive tape was used for binding the top of the specimen and the bottom of the sensor unit. And it also used for 
binding the frame and the specimen. Because the tape was very thin, the cushioning of the tape could be negligible. 
And it makes a same condition with the human running on surface without slipping. The initial angles of impacts 
were ranged from almost 10 degrees to 30 degrees with 5 degrees steps and the impact intensities were controlled 
by the height of drop mass from almost 50 mm to 200 mm with 25mm steps. Therefore, total 5 different angles and 
7 different drop heights trials are performed to each specimen because these tests were focusing on the first peak, 
i.e. passive load, of human running. The input energy applied to the specimen was ranged from 2.70 J to 11.39 J 
and it is almost same as the input energy of I.A.A.F. and DIN test. Although the impact angle and drop height were 
measured precisely by angle sensor and laser displacement sensor in each impact test as s shown in Fig.1, it is hard 
to calculate the variance of trials in same condition because this tester does not have the structure which allows to 
set precise initial angle and drop height. To compare with non-cushioned and cushioned condition, some impact 
tests were performed without test specimen. It means that the sensor unit was placed on the experimental rigid 
Test specimen A (Normal) B (Hard) C (Soft) 
Thickness (mm) 14.0 12.5 12.5 
Top hardness (point) 50 52 48 
Bottom hardness (point) 50 53 18 
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frame directly and the same range of initial angle and drop height were applied to acquire the impact force as an 
input force.  
2.4. Two-dimensional Force Reduction 
In some regulations, e.g. DIN, I.A.A.F, EN14808, etc. the FR (Force Reduction) value is defined as a shock 
attenuation property by comparing the maximum impact force between cushioned condition and non-cushioned 
condition. In this study, we conducted the experiment in various initial angles and drop heights against one of the 
sports surface certified by I.A.A.F. as the cushioned condition. On the other hand, the various conditions without 
the sports surface are recorded as the non-cushioned conditions, i.e, the sensor unit is placed on the rigid floor 
directly without the sports surface. We proposed new two-dimensional force reduction values, VFR and HFR as 
follows,  
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Where VFRș+ is the vertical force reduction value at the initial angle ș and the drop height H.  The subscript 
ș+  means a certain initial angle and a drop height of a trial. Fv max(ș, H) , fv max(ș, H) are the non-cushioned and 
cushioned vertical maximum impact force at the initial conditions, respectively. And HFR ș+, Fh max(ș, H) , fh max(ș, H) 
are the horizontal force reduction value, the non-cushioned horizontal maximum impact force and cushioned 
horizontal maximum impact force, respectively.  
2.5. Estimating non-cushioned impact force 
To calculate VFR and HFR values as shown in Eq.(1) and (2), the cushioned and non-cushioned maximum 
impact forces at exactly the same initial angle and drop height are required. In other words, the non-cushioned 
maximum impact force is required for calculating FR values with exactly the same initial angle and drop height of 
each impact force onto the specimens. Because it is very difficult to set a certain initial angle and drop height, the 
quadratic surface was incorporated to estimate the non-cushioned maximum impact forces with two parameters, 
initial angle and drop height.  
3. Results and Discussions 
3.1. Two-dimensional impact force acquired by two-dimensional impact test device 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Two-dimensional impact forces of specimen A in case of ș = 10.6 degrees (a) andș= 29.4 degrees (b). 
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Figure 3 (a) shows the fv and fh in case of ș = 10.6 degrees with drop height 201.5 mm of specimen A and (b) 
shows in case of ș = 29.4 degrees with drop height 207.3 mm of specimen A. This figure shows that the vertical 
impact force decreases with increasing the initial angle ș, and horizontal impact force and impact duration increase 
with increasing the initial angle ș. Force reduction value is calculated by comparing the non-cushioned impact 
forces with the same initial angle șand drop height H. 
3.2. Quadratic surface for estimating the non-cushioned impact force 
Figure 4 shows the estimated quadratic surfaces for vertical maximum impact force (a) and horizontal 
maximum impact force with initial angle and drop height as the estimation parameters. In this figure, each dot 
shows the experimental value of non-cushioned impact force with its initial angle and drop height. The dark part of 
dot shows the area that is popped out from the estimated surface and light part shows the hidden part by the 
estimated surface. Additionally, Eq. 3 and 4 are representing the fitted quadratic surfaces of vertical and horizontal 
maximum impact force, respectively. As shown in Fig.4, these equations could estimate the maximum impact 
force well. The relative error of vertical estimation between the experimental maximum impact force and the 
estimated maximum impact force is 4.11% and that of the horizontal one is 3.08%. Therefore, VFR and HFR 
values could be calculated from the experimental results and the quadratic surface for the estimation.  
 
Fvmax=-55.5291 + 17.4553 H - 0.0240344 H2 + 34.8809 ș - 0.177124 H ș - 0.786657 ș2 
 
Fxmax=20.4726 + 2.86551 H - 0.0051183 H2 - 2.33236 ș+ 0.0527399 +ș+ 0.427169 ș2  
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Quadratic surface for estimating Fymax and Fxmax 
3.3. Vertical Force Reduction (VFR) and Horizontal Force Reduction (HFR) 
Figure 5 (a), (b) and (c) show the calculated VFR of each specimen. All diagrams have the same axis so that it is 
apparent that the specimen C has high cushioning property compare to A and B because C has a soft lower layer as 
shown in Table 1. VFR values increase with increasing the initial angle ș apparently and slightly increase with 
increasing drop height in all specimens. Although specimen A and B have almost same values at the lower initial 
angle, specimen A has higher VFR value compare to B at the higher initial angle, especially over 20 degrees. This 
difference may be caused by the difference of the structure. It is supposed that an embossed top surface of A 
causes the higher flexibility even if the almost same hardness of the material as B. The result of VFR indicates that 
the differences of shock attenuation properties between specimens are represented with this calculation method and 
it could provide the response against the various angles and intensities as well as the vertical tester. 
Figure 5 (d), (e) and (f) show the calculated HFR values of each specimen. Compare to the VFR, HFR has an 
relatively complicated shape that has a minimum initial angle, around 20 degrees, concerning the HFR. At this 
angle, the VFR of specimen B (Hard) is almost zero and A (Normal) is just above the B and C (Soft) is located 
higher than A. Additionally, the differences between these HFR values are closed to each other in case of the initial 
(3) 
(4) 
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angle is getting smaller or bigger. Although it is not clear that why the HFR has a quarter pipe shape, it is clear that 
these specimens has an anisotropic characteristic that has to be considered both in vertical and horizontal 
simultaneously. For further investigation, not only the vertical but also the horizontal modelling is required. To do 
this, the contact area and contact shape must be considered to construct the model. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Calculated VFR and HFR of all specimens. 
4. Conclusions  
To investigate the wide range of impact angle and impact intensity, three different types of specimens were 
tested with two-dimensional impact tests without slippery condition by using double side adhesive tape. The 
results were as follows: 
x VFR and HFR were calculated with non-cushioned impact estimated by quadratic surface 
x Horizontal flexibility might depends on not only the material but also the structure of the specimen 
x HFR has quarter pipe shape and these specimens have anisotropic characterics 
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